The mechanisms involved in the maintenance of staphylococcal enterotoxin B (SEB)-induced T cell anergy are poorly understood. Here, we demonstrate that CD4 ⍣ T cell anergy induced by SEB treatment is under partial B cell control. This effect is not mediated by anti-SEB antibodies or any in vitro B cell-produced suppresser factor. At day 13 after SEB immunization, T cells from B cell-deficient mice proliferate upon in vitro stimulation with SEB. These results suggest that SEB-induced T cell anergy is reversible and that B cells have an important function in anergy maintenance in CD4 ⍣ T cells, both in vivo and in vitro.
Introduction
Peripheral tolerance is achieved by clonal elimination of the mechanisms involved in its maintenance are still unclear.
In this study, we examine the role of B cells in the maintenance mature cells (1, 2) or by the establishment of a state of of SEB-induced T cell anergy. In vitro analyses show that T functional non-responsiveness termed anergy (3-5). Bacterial cell anergy is broken upon co-incubation with B cells from superantigens such as staphylococcal enterotoxin B (SEB) PBS-treated mice (PBS-B); it is maintained by B cells from exert pleiotropic effects in vivo, causing a biphasic change SEB-treated mice (SEB-B), as measured by a reduction in specific peripheral T cell frequency, i.e. expansion of in proliferation, IL-2 production, and pp56 lck and pp59 fyn V β 8 ϩ T cells (2-3 days), followed by their partial deletion phosphorylation activity in primed CD4 ϩ T cells. In contrast, (Ͼ4 days) (6,7). SEB causes transient T cell activation, macrophages from both primed and unprimed mice abrogate as manifested by acute cytokine release (8-10) and the anergy. Data obtained using B cell-deficient mice demonstrate proliferation of SEB-reactive T cell subsets (7,11). In addition, that B cells are also fundamental for maintenance of T cell it causes the physical elimination (deletion) of a percentage anergy in vivo. of the V β 8 ϩ T cells through apoptosis (7, 11, 12) and anergy induction among the remaining V β 8 ϩ T cells (13-15). These complex changes cannot be explained solely by the Methods pharmacokinetics of SEB, since variation in the application site (16), repeated injection of the superantigen (17) or Mice and immunizations injection of higher doses (12) lead to no substantial changes in the response profile. Of the possible regulatory mechanisms, BALB/c mice of both sexes, purchased from IFFA-Credo CD8 ϩ V β 8 ϩ T cells are known not to be involved in CD4 ϩ V β 8 ϩ (Lyon, France) and maintained in our facilities, were used in T cell response control (13), in spite of SEB-dependent these experiments. C57BL/6 mice were bred in our animal cytotoxicity (14,15) and CD8 ϩ T cell-mediated suppression facility. A breeding pair of B cell-deficient mice was purchased (18) .
from B&K Universal (London, UK) and bred in our facility.
Immunizations were performed by tail vein or i.p. injection of Anergy is known to be a long-lasting phenomenon, although were resolved in SDS-PAGE and analyzed by autoradiography (X-Omat AR film; Eastman Kodak, Rochester, NY). Western Pooled spleen cell suspensions from three to six mice were enriched for CD4 ϩ cells by negative selection of CD8 ϩ and blots for pp56 lck and pp59 fyn were carried out as previously described (19) . B cells. Briefly, spleen cells from PBS-or SEB-treated donors were incubated with anti-CD8 and BET-2 mAb for 1 h at 4°C in balanced salt solution supplemented with 2% FCS. Cell Results suspensions were washed twice, incubated with anti-rat IgGand anti-mouse IgG-coated magnetic beads (Dynabeads,
We analyzed the possible participation of B cells in the maintenance of SEB-induced CD4 ϩ T cell anergy by culturing Dynal, Oslo, Norway) for 1 h at 4°C, and isolated by a MACS (Miltenyi Biotec, Meitzfield, Germany)-generated magnetic PBS-and SEB-CD4 ϩ T cells with PBS-and SEB-B cells, and stimulating with SEB or SEA (Fig. 1) . The results show field. For all assays, purified CD4 ϩ T cells were incubated alone at 37°C for 1 h prior to use.
that SEB-CD4 ϩ T cells proliferate after in vitro SEB or SEA stimulation in the presence of PBS-B cells. However, the cultured with B cell-enriched splenocytes obtained from BALB/c mice treated 10 days earlier with SEB or SEA (Fig. 3) . proliferative response of these cells to SEB, but not to SEA, decreases in the presence of SEB-B cells. In contrast, SEB-
The results show that SEB-B cells, but not B cells from SEAprimed mice, maintain SEB-CD4 ϩ T cell anergy upon in vitro B cells have no effect on the proliferative response of PBS-CD4 ϩ T cells to SEB or SEA. stimulation with SEB; B cells from SEA mice do not alter the PBS-CD4 ϩ T cell response to SEA or SEB. Therefore, we SEB-B cells were titrated by increasing the numbers of SEB-primed B cells added to in vitro cultures containing PBSconclude that B cells are able to maintain CD4 ϩ T cell anergy only if they are obtained from SEB-treated mice. This suggests or SEB-CD4 ϩ T cells. To this end, PBS-and SEB-CD4 ϩ T cells (10 5 /well) were cultured with varying proportions of PBSthat SEB treatment induces modifications in the T and B cell repertoires which are specifically responsible for the and SEB-B cells (1.2ϫ10 5 /well). Figure 2 shows that the PBS-CD4 ϩ T cell response is not altered and is therefore maintenance of anergy to this superantigen. Finally, we have excluded the possibility that the effect of independent of the proportion of SEB-B. The SEB-CD4 ϩ T cell response decreases inversely to the increase in the SEB-B cells on T cell anergy maintenance is mediated by SEBspecific antibodies (antibody-mediated suppression). In vitro number of SEB-B cells in the culture. The SEA response, used as a specific control of both PBS-and SEB-CD4 ϩ T cultures were prepared containing either PBS-or SEB-CD4 ϩ T cells (10 5 ) and PBS-or SEB-B cells (10 5 ), stimulated with cells is, as expected, unaltered.
The specificity of B cell maintenance of SEB-induced T cell 10 µg/ml SEB for 72 h in 100 µl final volume, and the supernatant assayed for anti-SEB antibodies. Supernatants anergy was then analyzed by testing the ability of B cells from SEA-primed mice to maintain the anergic state of SEBfrom PBS-and SEB-CD4 ϩ T cells cultured with SEB-B cells contain similar anti-SEB antibody concentrations. These levels CD4 ϩ T cells. For this, PBS-and SEB-CD4 ϩ cells were by PBS-CD4 ϩ T cells with no change in the proliferation index maintenance of anergy. We detect no in vitro IL-4 production in these experiments.
Engagement of the TCR stimulates protein tyrosine kinases through pp59 fyn and pp56 lck , both members of the src family of Table 2 . IL-2 production and proliferative response of CD4 ϩ protein kinases (20, 21) . Alterations in tyrosine phosphorylation T cells in the presence of PBS-or SEB-B cells signaling events by these two kinases could mediate T cell anergy (22) . Since B cells are involved in the maintenance or Methods; these amounts were comparable (Fig. 5) .
We then compared the kinase activities of pp59 fyn and a CD4 ϩ T cells (10 7 ) were cultured for 3 days in the presence of pp56 lck from PBS-or SEB-CD4 ϩ T cells stimulated with PBS-4ϫ10 6 B cells in 500 µl medium containing 10 µg/ml SEB. IL-2 or SEB-B. PBS-or SEB-B cells did not modify the kinase concentration was determined by immunoenzymatic assay (ELISA).
activity of pp59 fyn and pp56 lck , as estimated by analysis b Proliferation was calculated in parallel experiments as described in Methods.
of autophosphorylation as well as by phosphorylation of exogenous substrate (Fig. 6) . In contrast, in SEB-CD4 ϩ T cells, SEB-but not PBS-B cells induce a decrease in pp59 fyn and pp56 lck kinase activity. The difference in phosphorylation were much higher than those found in cultures of PBS-or cannot be due to differences in the kinase level, since all SEB-CD4 ϩ T cells with PBS-B cells (Table 1 ). This indicates samples contained similar amounts of kinase (Fig. 5) . that (i) in spite of anergy, SEB-CD4 ϩ T cells display helper Finally, peritoneal cells from PBS-or SEB-primed mice were activity after in vitro SEB stimulation and (ii) anti-SEB antibody cultured for 4 h in complete RPMI at 37°C. Non-adherent produced in culture is not implicated in the lack of response. cells were removed and PBS-or SEB-CD4 ϩ T cells were The potential suppressive effect of anti-SEB antibodies was added to each well and stimulated with 10 µg SEB/ml (Table  analyzed by adding anti-SEB F(abЈ) 2 to cultures. PBS-or 3). Macrophages were unable to maintain SEB-CD4 ϩ T cell SEB-CD4 ϩ T and PBS-or SEB-B cells were cultured in the anergy, and these cells proliferate at the same level as PBSpresence of SEB and several concentrations of affinity-purified CD4 ϩ T cells in response to SEB stimulation. PBS-and SEBanti-SEB antibody F(abЈ) 2 fragments. The results shown in CD4 ϩ T cells showed the same proliferative response to SEA Fig. 4 clearly illustrate that anti-SEB antibodies do not alter stimulation (data not shown). the PBS-or SEB-CD4 ϩ T cell response to SEB in vitro. This It was recently demonstrated that B cell-deficient mice are strongly suggests that anti-SEB antibodies do not participate able to achieve T cell tolerance, deletion and anergy of V β 8 in the induction or maintenance of the anergy of CD4 ϩ T cells from SEB-primed mice. cells upon immunization with SEB (23) . As shown in Fig. 7 , significant role in the maintenance, but not in the establishment, of SEB-induced T cell anergy.
Discussion
Our current understanding of the mechanisms for establishment and maintenance of anergy is limited. Once established, anergy can be reversed with time (24) or following infection (25) ; lack of antigen may be sufficient to cause anergy reversal (26) . The anergic state might be maintained by continuous antigen presentation and/or by interactions between cells of the immune system. Our results demonstrate that SEB-B cells play a central role and actively maintain T cell anergy, and that this effect is antigen-specific in this model. The mechanisms through which B cells participate in CD4 ϩ T cell anergy induction and maintenance are not related to an antigen presentation defect or to B cell suppresser factors, a conclusion based on the fact that the SEB responses of PBS-CD4 ϩ T cells cultured with SEB-B cells were not suppressed.
Antigen-specific antibodies might have a suppressive effect on the T cell responses. Antibody binding could change the pattern of antigen processing, thus altering peptide presenta- (27, 28) . Superantigens do not require antigen processing or SEB-B cells in 500 µl of medium containing 10 µg/ml SEB. Cells and the mechanism of antibody suppression, if any, must were lysed, lysates resolved in SDS-PAGE, and the resulting gel therefore be different. However, since anti-SEB antibodies transferred and blotted using anti-pp56 lck (upper panel) and antihave no effect on the in vitro T cell response to SEB, pp59 fyn (lower panel) mAb. Results similar to those shown here were obtained in two independent experiments. MWM ϭ mol. wt markers.
the participation of anti-SEB antibodies in the induction or maintenance of SEB-specific T cell anergy can be formally excluded.
The effect of B cells on CD4 ϩ T cell anergy maintenance was also studied at the protein kinase level. Recently, Quill anergy is not a long-lasting phenomenon in SEB-treated B cell-deficient mice. At day 13 after SEB immunization, spleen et al. correlated the anergic state of T h 1 cells with reduced pp56 lck and elevated pp59 fyn expression levels (22) . However, T cells from BALB/c and C57BL/6, but not from B cell-deficient mice, are unable to proliferate in response to in vitro SEB we observed no significant differences in pp56 lck and pp59 fyn protein expression levels between PBS-and SEB-CD4 ϩ T stimulation. The results clearly show that B cells play a Fig. 6 . B cells from anergic mice affect the kinase activity of pp56 lck and pp59 fyn of anergic CD4 ϩ T cells. Pre-cultured PBS-CD4 ϩ and SEB-CD4 ϩ T cells (5ϫ10 6 ) were cultured for 5 min at 37°C in the presence of 10 6 PBS-or SEB-B in 500 µl of medium containing 10 µg/ml SEB. Cells were lysed, immunoprecipitated with anti-pp56 lck (A) and anti-pp59 fyn (B) antibodies, followed by incubation with enolase and [γ-32 P]ATP as described in Methods, and analysis by SDS-PAGE. Autophosphorylation of both pp56 lck and pp59 fyn is also depicted. The same T cell population analyzed for pp56 lck and pp59 fyn activity was also tested for in vitro proliferative responses to SEB. MWM ϭ mol. wt markers. Table 3 . CD4 ϩ cell proliferative response to SEB in the SEB-CD4 ϩ T cells were able to proliferate only in the presence presence of macrophages from PBS-or SEB-treated mice of PBS-B ( Table 2 ). The results indicate that the reduction in IL-2 production alone cannot explain the paralysis of anergic cells in this system. T cells display a higher content in tyrosine phosphorylated proteins compared with PBS-CD4 ϩ T cells, as detected in Western blot (not shown). Despite the absence of proliferation and IL-2 production in vitro (8, 30, 31) , anergic cells exhibit cells (Fig. 5) , although treatment with SEB-B cells in the in vivo (32) and in vitro (33) effector activity. The in vivo fate presence of SEB decreased pp56 lck and pp59 fyn kinase of anergic T cells is still unclear, although T cell anergy seems activity in anergic T cells 3-to 4-fold (Fig. 6 ). Differences to be less marked in vivo than in vitro (34) . between the experimental systems used to examine anergy B cells specific for TCR involved in the response to supercould explain these discrepancies, but we do agree with their antigen can also be involved in the maintenance of CD4 ϩ T conclusion that reduced pp56 lck kinase activity may contribute cell anergy. It was recently demonstrated that monoclonal to the anergic state. These data suggest that the reduction anti-idiotypic antibodies can modulate the SEB-induced in pp56 lck and pp59 fyn kinase activity may be part of the response of encephalitogenic rat T cell lines, preventing intracellular signaling involved in anergy maintenance .
proliferation and IL-2 production after SEB stimulation (35) . Anergy was previously correlated with an incapacity of
The interaction of these mAb with T cells may increase their anergic CD4 ϩ T cells to produce IL-2, necessary for their activation threshold, making these cells more resistant to proliferation (22) . Here we show that PBS-CD4 ϩ T cell IL-2 activation. In our experiments, SEB-B cells were unable to production was reduced when these cells were co-cultivated block PBS-CD4 ϩ T cell proliferation, but caused a reduction with SEB-B cells, without affecting T cell proliferation following in IL-2 production by these cells (Table 2) . SEB stimulation. SEB-CD4 ϩ T cells produced similar, low IL-2 levels when stimulated with PBS-or SEB-B cells. However, In vivo T cell anergy establishment is not B cell-dependent. BALB/c or C57BL/6 mice, were able to proliferate at day 13 6 MacDonald, H. R., Baschieri, S. and Lees, R. K. 1991. Clonal post-immunization upon in vitro SEB stimulation (Fig. 7) .
expassion precedes anergy and death of Vbeta 8 ϩ peripheral T Anergy is a long-lasting phenomenon but, as shown here, its cells responding to staphylococcal enterotoxin B in vivo. Eur. J. Immunol. 21:1963. maintenance is dependent on T and B cell interaction in vivo 7 White, J., Herman, A., Pullen, A. M., Kubo, R., Kappler, J. W. and and in vitro. We are currently studying the B cell repertoire 
